0 end (2058 nt) covering ORF7-ORF10 regions of the CTV genome revealed that Pant 4 was closely related to the previously reported Indian CTV isolate, Kpg3 from Northeastern Himalaya region with 97 and 98 % sequence identity, respectively. Whereas, it differed from the previously reported CTV isolate B165 from Southern India with 79 and 92 % identity, respectively for 5 0 ORF1a and 3 0 end regions. Recombination and SplitsTree decomposition analyses indicated that CTV isolate Pant 4 was a recombinant isolate originating from Kpg3 as a major and B165 as a minor donor.
Introduction
Citrus tristeza virus (CTV), one of the most destructive pathogens infecting citrus causes huge crop losses by killing over 100 million citrus trees worldwide including about one million trees in India [1, 3, 18] . CTV, a phloem limited plant virus with long flexuous particle, 2,0009 11-12 nm in size belonging to the genus Closterovirus is transmitted predominantly by brown citrus aphid, Toxoptera citricida in semi-persistent manner, and spread over a distant areas by transportation of infected planting material [18] . CTV infects nearly all the citrus species, cultivars, and inter-generic hybrids and some citrus relatives, inducing symptoms like decline, stem pitting, seedling yellows, vein clearing and flecking [5, 6, 14, 23] . CTV isolates differ in their biological characteristics, types and intensity of symptoms induced in different citrus hosts and aphid transmissibility [12] , however, molecular determinant for symptom development in citrus hosts are not yet clearly known.
The CTV genome contains single stranded RNA of about 19.3 kb with 12 open reading frames (ORFs) encoding at least 19 proteins [12, 21] . The ORFs 1a and 1b encode replication related proteins, whereas, the 3 0 end ten ORFs (ORFs 2-ORF11) encodes proteins p33, p6, p65, p61, p27, p25, p18, p13, p20 and p23 [11, 22] . Analysis of 19 complete genomes CTV isolates available in GenBank data base revealed extensive variation in sequence among the CTV isolates and enabled them to be grouped into six genotypes, recognized as T36 (Florida), T30 (Florida), VT (Israel), B165 (India), HA16-5 (Hawaii) and RB genotypes (New Zealand) [6, 10, 16, 19] .
In India, CTV occurs in all the citrus growing geographical zones: Northeast, Northwest, Central and South with an estimated disease incidence ranging from 10 to 90 % [1, 4] . Occurrence of genetic diversity in CTV has been reported from India [5, 9, 11, 20, 23] . Analysis of the viral sequence of several CTV isolates from citrus growing areas of Northeast, North, South and Central India has documented for extensive genetic diversity classifying the Indian CTV isolates into at least six to eight genogroups. [7] .
In the Uttarakhand Terai area of Northern Himalaya region of India, Acid lime cv. Pant lemon (Citrus aurantifolia) is cultivated at commercial level. Previously, there was no report of CTV occurring in citrus orchards of this region. During our survey, the citrus orchards surveyed appeared to be very poor in growth and showing declining symptoms; those diseases resembled to virus or virus-like diseases. Thus, in the present study, an effort was made to characterize the virus associated to cause the disease in this plant through biological indexing and sequence analysis of viral genome, and then to estimate disease incidence. Present study demonstrated the association of CTV with the infected Acid lime in this region, and further molecular analysis determined putative demographic history of this virus and its origin through recombination events.
Materials and Methods

Survey and Sample Collection
Survey was conducted in the two Pant lemon (C. aurantifolia) orchards, orchard-1 and orchard-2 at Experimental Farm at G. B. Pant Univ. of Agric. and Technology (GBPUA&T), Pantnagar, Uttarakhand of Northern Himalaya region of India in the month of September 2010. Total number of 52 samples, 34 from orchard 1 and 18 from Orchard 2 with one to two twigs were collected from each of the randomly selected trees from both the orchards and brought to the laboratory for molecular assay. For detection of CTV and the percent plant infection direct antigen coated-ELISA (DAC-ELISA) was carried out as described earlier [4, 5] using CTV specific antisera obtained from Advanced Centre for Plant Virology, Indian Agricultural Research Institute, New Delhi.
Host Range
To determine biological properties of CTV in Terai region of Uttarakhand, host range of an isolate designated as CTV Pant 4 was selected randomly from Pant lemon orchard-2 was studied through bud wood graft transmission using eight citrus hosts (Table 1) , viz., Kinnow mandarin (C. reticulata), Nagpur mandarin (C. reticulata), Darjeeling mandarin (C. reticulata), Kagzi lime (C. aurantifolia), Mosambi sweet orange (C. sinensis), Rough lemon (C. jambhiri), sweet lime (C. limettoides) and Sour orange (C. aurantium) following the method described earlier [4] . The successful graft unions were considered and maintained in an insect-proof greenhouse for observation of CTV induced symptoms.
RNA Isolation, cDNA Synthesis and Cloning of Viral Sequences
A set of nine pairs of specific and degenerate primers ( Table 2) ; five of them targeting the sequence of 5 0 ORF1a region of LPro domain and four targeting for the 3 0 end region covering ORF7-ORF10 of CTV genome described earlier [6] were used for amplification of the viral nucleotide sequences. Total plant RNA was isolated and first strand cDNA was synthesized using the protocols developed previously [26] . The RT-PCR was performed using the protocol described previously [4] with different sets of primers adapting appropriate annealing temperature. PCR product was purified (Promega, Madison, USA), cloned in the T&A cloning vector (RBC, UK) following manufacturer' recommendation and the positive clones were selected using standard method of colony PCR. Two clones for each PCR product were sequenced outsourcing in both the directions using the vector derived primers M13F and M13R in automatic sequencer (AB 13130 Genetic analyser, Chromous Biotech, Bangalore). Overlapped contig sequences were assembled in DNA STAR SeqMan software and consensus sequences were used for further molecular analysis.
Sequence Analysis
The sequence of CTV isolate Pant 4 and corresponding sequence of six CTV isolates, T36 (U16304), T30 (AF260651), VT (U56902), B165 (EU076703), HA16-5 (GQ454870) and NZRB-G90 (FJ525432) representing each of the six internationally recognized CTV genotypes, and one previously reported Indian isolate, Kpg3 (HM573451) [6, 10, 16] were taken for sequence analyses and comparisons. The sequences were aligned using ClustalX version 1.81 [27] . Sequence identity matrix was generated using computer based program GeneDoc, version 2.6.002. To study nucleotide mutation and relative rate of d N and d S and its difference among the CTV sequences, the Tajima's neutrality test was carried out using MEGA4 [24, 25] . Maximum likelihood phylogenetic tree analyses were conducted using the program MEGA4 [25] . The potential recombination events were identified using recombinationdetecting program RDP3 program v.3.34; implemented with seven algorithms, RDP, GENECONV, Bootscan, MaxChi, Chimaera, 3Seq and SiScan [15] . Recombination events were checked manually and confirmed by UPGMA (Unweighted pair group method with arithmetic mean) tree using RDP3.
Results
Detection of CTV and Estimation of Disease Incidence
The poor growth of trees along with general decline was observed in the Pant lemon orchards, Orchard-1 and orchard-2 surveyed. Both the orchards were found to be infected by CTV when assayed with DAC-ELISA using CTV specific antisera. Three out of 18 samples in Orchard-1 (16.6 % disease incidence) and seven out of 34 samples in Orchard-2 (20.5 % disease incidence) were found to be CTV infected. The infected samples showed OD values of 0.74-1.57, whereas, healthy control showed OD value of 0.46. The virus infection in the ELISA positive samples were confirmed by RT-PCR for amplification of 404 nt sequence fragment of 5 0 ORF1a of CTV genome using primers, KLM 488 and KLM 491 described previously [5] . 
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Host Range of CTV Isolates Pant 4
The CTV isolate Pant 4 was biologically indexed on eight citrus hosts using bud wood grafting ( 0 end sequence analysis, Pant 4 was found to be very close with Kpg3 by 97 % identity, but distant from other CTV isolates by 91-94 % identities. Analyses of individual ORFs showed that Pant 4 had 99-100 % nt identity with Kpg3 for ORF7, 9 and 10, 96 % identity with B165 for ORF10 and 99 % with Hawaii isolate HA16-5 for ORF9.
Sequence identity of deduced amino acid (aa) of ORF7 to ORF10 of Pant 4 were compared and patterns of aa sequence identity were found to be similar as observed in nucleotide sequence identities. Isolate Pant 4 showed 99-100 % aa identity for ORF7, 9 and 10 with Kpg3 and 95-98 % with B165 for ORF 7, 8 and 10, however differed from Kpg3 with 91 % identity and from B165 by 87 % for ORF8. Interestingly, isolate Pant 4 had 100 % aa identity with HA16-5 for ORF9.
Eight CTV isolates including two Indian isolates, Pant 4 and Kpg3, and six isolates representing internationally recognized genotypes, were analyzed to estimate genetic variation using bio-statistical parameters in MEGA4 (Table 3 
Phylogenetic Analysis
Phylogenetic analysis for the 5 0 ORF1a of Pant 4 and other CTV isolates generated overall six phylogroups; isolate Pant 4 grouped with Indian isolate Kpg3 and Israel isolate VT (Fig. 1a) . Analysis for the 3 0 end sequences showed that Pant 4 grouped with isolate Kpg3 (Fig. 1b) . In the analyses of individual ORFs, Pant 4 grouped together with Kpg3 and HA16-5 for ORF7 and ORF9, and only with Kpg3 for ORF10 (Figure not shown) . Isolate Pant 4 was found to be a distinct in the phylogenetic tree for ORF8 sequence (Fig. 1c) .
Neighbor-net decomposition (SplitsTree) analysis presented reticulate network among the CTV isolate (Figure not shown) , indicating a complex evolutionary history among the CTV isolates. Analysis of the 5 0 ORF1a showed that isolates Pant 4, Kpg3 and VT were originated from common ancestors. The analysis of the 3 0 end also constructed reticulate network relationship among the CTV isolates indicating a close evolutionary relationship between Pant 4 and Kpg3 which might have been originated from distantly related ancestors.
Recombination Analysis
To detect recombination events, the 5 0 ORF1a and 3 0 end sequences of CTV isolates were examined using RDP3 program. No recombination event was identified in the 5 0 ORF1a, while one recombination event was detected at the 3 0 end at position of 655-1142 nt (ORF8), supported by maximum P value of 6.529 9 10 -15 involving Kpg3 as major and B165 as minor donor. In UPGMA analysis, isolate Pant 4 grouped with major donor Kpg3 for nonrecombinant consensus sequence (1143-654 nt) and with minor donor B165 for recombinant sequence (653-1142 nt), confirming recombination origin of isolate Pant 4 (Fig. 2) .
Discussion
Acid lime cv. Pant lemon is an important citrus species grown in Pantnagar area of Uttarakhand Terai region of Northern Himalaya region of India. The present study reported that the Pant lemon in this area is infected by CTV with an estimated disease incidence of 16-20 % using ELISA and RT-PCR. It is interesting to note that even under highly favourable environmental condition that All position containing gaps and missing data were eliminated from the dataset using complete deletion option n nucleotide expansion, m number of isolates those were used in phylogenetic analysis, S number of segregation sites, p s S divided by n, h population mutation rate, p pair wise nucleotide diversity by the average number of differences per site between two sequences, D Tajima [19] . Isolate Pant 4 showed 99-100 % aa sequence identity with Kpg3 for ORF7, 9 and 10, indicating both the isolates are similar in pathogenecity, ORF7 encodes for major CP and RNAi suppressor, ORF9 for p13 protein with unknown function and ORF10 for RNAi suppressor [17] . ORF encodes p18 protein the function of which is unknown [17] ; ORF8 of Pant 4 is different from Kpg3 isolate, indicating that p18 might have role in host specificity as Rough lemon is infected by the isolate Kpg3 in the Darjeeling hills but not by the isolate Pant 4 in glass conditions. A close relationship in amino acid sequence (99-100 % identity) of isolates Pant 4 and Kpg3 with Hawaii isolate HA16-5 for ORF7 and 9 was observed, that indicated both the Indian isolates might be related to Hawaii isolate in pathogenecity.
Homologous and non-homologous recombination is reported to be a fast means for evolution of CTV [6, 10, 15, 16, 19] . Present results indicated that Pant 4 is a recombinant CTV isolate showing ORF8 likely to be originated through recombination events by exchanging sequences of isolates Kpg3 and B165. This supports that RNA recombination has played a role in evolution of this CTV isolate. Earlier, isolates HA16-5, SY568, B165 and Kpg3 are reported to be recombinant/hybrid originated by multiple recombination events between CTV variants [6, 16, 19] . The SplitsTree analysis supported the phylogenetic relationship and evolutionary history of Pant 4 and Kpg3, showing that both the isolates originated from combination of common and distantly related ancestors. Previously, SplitsTree analyses demonstrated that phylogenetic relationships among CTV sequences are interconnected with a complex network [15] .
The present study showed more sequence diversity in sequence of 5 0 ORF1a region and no recombination event was detected in this region. However, the biostatical analysis carried out in the present study suggested that 5 0 ORF1a region might have high mutation rate resulting in occurrence of genetic diversity among the CTV isolates. Previously, high rate of mutations, in addition to recombination and other biological and molecular phenomena, was reported to contribute for overall diversity and evolution of CTV isolates [8] .
In conclusion, CTV occurs in Acid lime cv.Pant lemon orchards in Uttarakhand Terai area of Northern Himalaya region of India. The symtomatology, host range and sequence analysis suggested that CTV isolate Pant 4 is closely related to decline inducing Darjeeling CTV isolate Kpg3 but differs from South Indian severe isolate B165. The sequence, recombination and SplitsTree decomposition analyses indicated that CTV isolate Pant 4 is a putative recombinant isolate originating from Kpg3 as a major and B165 as a minor donor.
